Salmonella Typhimurium ST313 causes invasive nontyphoidal Salmonella (iNTS) disease in sub-
C a n a l s e t a l . P a g e | 6 Table) . Most were located in the SopEϕ prophage region (68 genes), the Def2 remnant phage (13 143 genes), or three separate non-phage associated regions in D23580: allB (associated with allantoin 144 utilization); the SPI-5 genes orfX and SL1344_1032; and an approximately 4 kb deletion that included 145 genes SL1344_1478 to SL1344_82.
146
A total of 4675 orthologous coding genes and non-coding sRNAs were shared by strains D23580 147 and 4/74. The sRNA IsrB-1 was removed as it was duplicated in D23580. To search for a distinct 148 transcriptional signature of D23580, the expression levels of the 4674 orthologs was compared between 149 D23580 and 4/74 using a transcriptomic approach. To discover the similarities and differences in the transcriptome of strains D23580 and 4/74, we first 153 used our established experimental strategy: the transcriptome of D23580 was determined using RNA 154 isolated from 16 infection-relevant in vitro growth conditions [37] , and during intra-macrophage infection 155 [38, 39] . To allow direct comparison of the D23580 transcriptomic data with strain 4/74, experiments 156 were performed exactly as Kröger et al. (2013) and Srikumar et al. (2015) (Materials and Methods) C a n a l s e t a l . P a g e | 7 4674 orthologous coding genes and sRNAs shared by strains D23580 and 4/74 were expressed in at 172 least one growth condition in both strains.
173
A small minority (117) of orthologous genes were expressed in at least one condition in strain 4/74, 174 but not in any of the conditions in D23580, with most showing low levels of expression (close to the 175 threshold TPM = 10) (S5 Table) . In contrast, we identified 82 orthologous coding genes and sRNAs that 176 were expressed in at least one of the 17 growth conditions for D23580, but not expressed in 4/74 (S5 177   Table) . The data confirmed that S. Typhimurium reacts to particular infection-relevant stresses with a series of 181 defined transcriptional programmes that we detailed previously [37] . By comparing the transcriptomic 182 response of two pathovariants of S. Typhimurium, the conservation of the transcriptional response is 
184
A complementary analytical approach was used to identify the transcriptional differences that relate 185 to the distinct phenotypes of the ST313 and ST19 pathovariants (S1 Table) . Overall, 1031 of the 186 orthologous coding genes and sRNAs were differentially expressed (≥ 3 fold-change) between strains 187 D23580 and 4/74, in at least one growth condition (Fig 2A) . Transcriptional differences are highlighted 188 in S3 Fig.   189 The terms "D23580-upregulated" and "D23580-downregulated" refer to genes that are either more 190 or less expressed in D23580, compared to 4/74. Three coding genes were D23580-upregulated and 191 six genes were D23580-downregulated in almost all growth conditions ( Fig 2B and 2C) . The up-192 regulated genes included pgtE, a gene that is highly expressed in D23580, responsible for resistance 
196
Three of the genes that were D23580-downregulated in most conditions (pSLT043-5) were located resistance island was inserted between the mig-5 promoter region and the pSLT043-5 genes, we 199 hypothesise that the differential expression reflects transcriptional termination mediated by the Tn21
200
C a n a l s e t a l . P a g e | 8 cassette. Two other D23580-downregulated genes were located in the Gifsy-1 prophage region, dinI-201 gfoA. The presence of a SNP in the promoter D23580 PdinI-gfoA has already been proven to be 202 responsible for the lack of viability of the Gifsy-1 phage in D23580 [24] . The final gene that was D23580-203 downregulated in most growth conditions was the cysS chromosomal gene, which encodes a cysteinyl- 
214
To generate a robust transcriptional signature of D23580, we focused on the five environmental 215 conditions with particular relevance to Salmonella virulence, namely ESP (early stationary phase), 216 anaerobic growth, NonSPI2 (SPI2-non-inducing), InSPI2 (SPI2-inducing) conditions and intra-217 macrophage. The ESP and anaerobic growth conditions stimulate expression of the SPI-1 virulence 218 system, and SPI-2 expression is induced by the InSPI2 and macrophage conditions [37, 39] . RNA was 219 isolated from three biological replicates of both D23580 and 4/74 grown in the four in vitro environmental 220 conditions. The three biological replicates were generated in parallel, in a new set of experiments.
221
Additionally, RNA was extracted from two additional biological replicates of intra-macrophage S.
222
Typhimurium, following infection of murine RAW264.7 macrophages for both D23580 and 4/74.
223
Following RNA-seq, the sequence reads were mapped to the D23580 and 4/74 genomes using our 224 bespoke software pipeline (Materials and Methods). The RNA-seq mapping statistics are detailed in S4 225 Table. To ensure that biologically meaningful gene expression differences were reported, we used very 226 conservative cut-offs to define differential expression (Materials and Methods).
227
Following RNA-seq analysis of the three biological replicates of D23580 and 4/74 in five growth 228 conditions, differential expression analysis of orthologous genes and sRNAs was performed with a 229 C a n a l s e t a l . P a g e | 9 rigorous statistical approach (Materials and Methods, S6 Table) . We identified 677 genes and sRNAs 230 that showed ≥ 2 fold-change (FDR ≤ 0.001) in at least one growth condition ( Fig 3A) . Between 6% 231 (anaerobic growth) and 2% (InSPI2 condition) of orthologous genes and sRNAs were differentially 232 expressed between the two strains ( Fig 3A and 3B ).
233
The ability to swim in semi-solid agar is a key phenotypic difference between D23580 and 4/74 234 [13, 16] . We confirmed that D23580 was less motile than 4/74 (S5 Fig 46] . We speculate that the downregulation of the flagellar regulon in NonSPI2 could be due to a 256 significant upregulation (3.5 fold-change) of rflP in this low-nutrient environmental condition. This 257 differential expression was not seen in the InSPI2 growth condition which only differs from NonSPI2 by 258 a lower pH (5.8 versus 7.4) and a reduced level of phosphate [37] .
259
C a n a l s e t a l .
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We identified six genes and sRNAs that were D23580-upregulated in most growth conditions, 260 specifically pgtE, nlp, ydiM, STM2475 (SL1344_2438), the ST64B prophage-encoded SL1344_1966, 261 and the sRNA STnc3750 ( Fig 3C) . Just four genes were D23580-downregulated in all conditions, 262 namely pSLT043-5 (SLP1_0062-4), and cysS ( Fig 3D) . These findings confirmed that biologically 263 significant information can be extracted from the initial 17-condition experiment ( Fig 2B and 2C) as 264 similar genes were up/down-regulated across the multiple conditions of the replicated experiment.
265
The transcriptomic data were interrogated to identify virulence-associated genes that were 266 differentially expressed between D23580 and 4/74. Coding genes and sRNAs located within the 267 Salmonella pathogenicity islands SPI-1, SPI-2, SPI-5, SPI-12 and SPI-16 showed differential 
280
Genes that were differentially expressed between D23580 and 4/74 were also identified during 281 infection of RAW264.7 macrophages. The 16 genes that were most highly D23580-upregulated (≥ 4 282 fold-change, FDR ≤ 0.001) included a β-glucosidase, STM3775 (SL1344_3740); genes involved in 283 cysteine metabolism, cdsH; oxidation of L-lactate, STM1621 (SL1344_1551); and the transcriptional 284 regulator rcsA. Genes that were D23580-downregulated during infection of macrophages were involved 285 in the secretion and import of siderophores (iroC and iroD), uptake of sialic acid (nanM), and maltose 286 or maltodextrin (malEFK), and STM1630 (SL1344_1560), which encodes a hypothetical protein.
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The key features of the transcriptional signature of D23580 included the differential expression of 288 the flagellar and associated genes, genes involved in aerobic and anaerobic metabolism, and iron-289 uptake genes. Specifically, the aerobic respiratory pathway cyoABCDE was D23580-upregulated in the 290 anaerobic growth condition, and anaerobic-associated pathways pdu, cbi and tdc operons were 291 D23580-downregulated. Importantly, genes associated with the acquisition of iron through production 292 and uptake of siderophores were D23580-downregulated in the intra-macrophage environment. In 293 summary, the transcriptional signature of D23580 suggests that the biology of ST313 lineage 2 differs 294 from ST19 under anaerobic conditions in vitro and during infection of murine macrophages.
295
The challenge of data reproducibility in experimental science is widely acknowledged [47, 48] . To 296 assess the robustness of our experiments, the RNA-seq-derived expression profiles that we generated 297 from five replicated conditions were compared with five relevant individual conditions. There was a high 298 level of correlation between the individual versus replicated datasets (correlation coefficients between Table) . A label-free quantification approach identified 66 differentially 
316
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To identify genes that were differentially expressed at both the transcriptional and translational 317 levels, the quantitative proteomic data were integrated with the transcriptomic data. Eight D23580- The melibiose utilization system consists of three genes: melR, which encodes an AraC-family 326 transcriptional regulator; melA, encoding the alpha-galactosidase enzyme; and melB. MelB is 327 responsible for the active transport of melibiose across the bacterial cell membrane. We found that the 328 melAB genes were D23580-downregulated at the transcriptomic level ( Fig 6A) . The differential 329 expression of melA was confirmed at the proteomic level ( Fig 4A) .
330
In strain D23580, the melibiose utilization genes contain three non-synonymous SNPs (4/74  331 D23580). Two are present in melB (Pro  Ser at the 398 AA, Ile  Val at the 466 AA) and one in melR 332 (Phe  Leu) ( Fig 6B) . The three SNPs were analysed in the context of a phylogeny of 258 genomes of 333 S. Typhimurium ST313 that included isolates from Malawi, as well as more distantly-related ST313 334 genomes from the UK [5] (S8 Table) . All three SNPs were found to be monophyletic, allowing us to infer 335 the temporal order in which they arose and representing an accumulation of SNPs in melibiose 336 utilization genes over evolutionary time. The first SNP, melB I466V, was present in all 258 ST313 strains 337 tested and therefore arose first. The second SNP, in melR, was present in all ST313 lineage 2 and UK-338 ST313 genomes, suggesting that it appeared prior to the divergence of these phylogenetic groups [5].
339
The final SNP, melB P398S, is present in all ST313 lineage 2 and a subset of UK-ST313 genomes, 340 consistent with this being last of the three mutations to arise ( Fig 6C) . ST313 strains can therefore be 341 classified into groups of strains containing one, two or three SNPs in melibiose utilization genes.
342
It has been reported that D23580 did not ferment melibiose whereas a ST313 lineage 1 isolate 343 (A130), S. Typhimurium SL1344 and S. Typhi Ty2 were able to utilize melibiose as a sole carbon source 344 [18] . MelB catalyzes the symport of melibiose with Na + , Li + , or H + [51] . We confirmed that ST19 strains,
345
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and strains belonging to the ST313 lineage 1, were positive for alpha-galactosidase activity. In contrast,
346
isolates representing the UK-ST313 lineage and the ST313 lineage 2 were unable to utilize melibiose.
347
To determine the biological role of the SNPs in the melB and melR genes, we employed a genetic 348 approach. Single nucleotide engineering was used to generate isogenic strains that reflect all three 349 melibiose gene SNP states for determination of the role of the SNP differences between ST313 lineage 350 2 and ST19 in the alpha-galactosidase (MelA)-mediated phenotypic defect ( Fig 6D) . Melibiose 351 utilization in D23580 was rescued by nucleotide exchange of the three SNP mutations (D23580 melB + 352 melR + ) ( Fig 6E) . D23580 recovered its ability to grow with melibiose as the sole carbon source after 353 exchanging only the melR SNP with 4/74 (D23580 melR + ). In contrast, D23580 did not grow in the same 354 medium when the exchange only involved the two melB SNPs (D23580 melB + ). 4/74 lost its ability to 355 utilize melibiose as sole carbon source when we introduced the D23580 melR SNP (4/74 melRand 356 4/74 melB -melR -). However, an exchange of the two nucleotides in melB did not eliminate the ability of 357 4/74 to grow in minimal medium with melibiose (4/74 melB -). These data correlated with the alpha-358 galactosidase activity of the mutants, although a slight difference was observed between strains 359 D23580 melR + (light green) and D23580 melB + melR + (green), and between strains 4/74 (green) and 360 4/74 melB -(light green) ( Fig 6F) suggesting an altered efficiency of melibiose utilization between the 361 two strains. To completely restore alpha-galactosidase activity in D23580, the reversion of the non-362 synonymous SNPs in both the melR and melB genes was required. Our data suggest that the melR 363 SNP is critical for the loss of function of the melibiose utilization system.
364
In a chicken infection model, the S. Typhimurium melA transcript is more highly expressed in the 365 caecum than during in vitro growth [52] . In a chronic infection model, accumulation of melibiose was 366 observed in the murine gut after infection with S. Typhimurium [53] . The combination of the SNP-based 367 inactivation of melibiose catabolism with the conservation of the key SNPs in ST313 lineage 2 is 368 consistent with a functional role in ST313 virulence, and we are currently examining this possibility.
369
A plasmid-encoded cysteinyl-tRNA synthetase is required for growth in D23580
370
The dramatic down-regulation of the chromosomal cysS gene at both the transcriptomic ( Fig 7A) and 371 proteomic levels ( Fig 4A) was studied experimentally. The coding and non-coding regulatory regions of 372 the chromosomal cysS were identical at the DNA level in strains D23580 and 4/74. The chromosomal 373 cysS gene encodes a cysteinyl-tRNA synthetase, which is essential for cell growth in S. Typhimurium 374 C a n a l s e t a l .
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and other bacteria [42,54,55]. To investigate cysS gene function, we consulted a transposon-insertion 375 sequencing (TIS) dataset for S. Typhimurium D23580 (manuscript in preparation). Genes that show the 376 absence or low numbers of transposon insertion sites are considered to be 'required' for bacterial 377 growth in a particular condition [55, 56] . The data suggested that a functional chromosomal cysS was 378 not required for growth in rich medium ( Fig 7B) . We searched for S. Typhimurium D23580 genes that 379 encoded a cysteinyl-tRNA synthetase, and identified the pBT1-encoded gene, pBT1-0241 (cysS pBT1 ), 380 which the TIS data suggested to be 'required' for growth in rich medium ( Fig 7B) .
381
To investigate cysteinyl-tRNA synthetase function in D23580, individual knock-out mutants were 382 constructed in the chromosomal cysS gene (cysS chr ), and the cysS pBT1 gene. These genes were 89% 383 identical at the amino acid level and 79% at the nucleotide level. The cysS pBT1 mutant was whole 384 genome sequenced to confirm the absence of secondary unintended mutations. The pBT1 plasmid was 385 also cured from D23580. We determined the relative fitness of the two cysS mutants and the pBT1-386 cured strain. The D23580 wild type, D23580 ΔcysS chr and D23580 ΔpBT1 mutants grew at similar rates 387 in LB, whilst the D23580 ΔcysS pBT1 mutant showed an extended lag phase ( Fig 8A) . The D23580
388
ΔcysS pBT1 mutant showed a more dramatic growth defect in minimal medium with glucose as the sole 389 carbon source ( Fig 8B) .
390
To determine whether the presence of the pBT1 plasmid was linked to the decrease in cysS chr 391 expression, RNA from two biological replicates was isolated from the pBT1-cured strain in the ESP 392 growth condition. Differential expression analysis between this mutant and the wild-type D23580 strain 393 showed a significant increase in expression of cysS chr , with TPM levels close to those seen in 4/74 ( Fig   394   8C , S5 Table) . These results suggested the pBT1 plasmid is responsible for the down-regulation of 395 cysS chr expression in D23580.
396
The conservation of pBT1 was studied among 233 ST313 strains and compared to the presence of 397 the pSLT-BT plasmid which was found in all lineage 2 isolates (Fig 8D, S8 Table) . Approximately 37% 398 of ST313 lineage 2 isolates carried the pBT1 plasmid. The pBT1 plasmid has rarely been seen 399 previously, but did show significant sequence similarity to five plasmids found in Salmonella strains 400 isolated from reptiles and elsewhere (98 to 99% nucleotide identity over 92 to 97% of the plasmid 401 sequence, accessions JQ418537, JQ418539, CP022141, CP022036 and CP022136, S1 Text).
402
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Examples of essential bacterial genes located on plasmids are rare and this phenomenon has been 403 previously explored [59] . We conclude that the essentiality of the cysS pBT1 gene provides a novel 404 strategy for plasmid maintenance in a bacterial population.
405
The SalComD23580 community data resource
406
To allow scientists to gain new biological insights from analysis of this rich transcriptomic dataset, we 407 have made it available as an online resource for the visualization of similarities and differences in gene 408 expression between ST313 (D23580) and ST19 (4/74), using an intuitive heat-map-based approach 409 (bioinf.gen.tcd.ie/cgi-bin/salcom_v2.pl). To examine the transcriptional data in a genomic context, we 410 generated two strain-specific online browsers that can be accessed from the previous link: one for 
418
To discover the genetic differences that impact upon the biology of S. Typhimurium ST313, we used a 419 functional transcriptomic approach to show that the two S. Typhimurium pathovariants shared many 420 responses to environmental stress.
421
By investigating global gene expression in multiple infection-relevant growth conditions, we 422 discovered that 677 genes and sRNAs were differentially expressed between strains D23580 and 4/74.
423
A parallel proteomic approach confirmed that many of the gene expression differences led to alterations 424 at the protein level. The differential expression of 199 genes and sRNAs within macrophages allowed 425 us to predict functions of African S. Typhimurium ST313 that are modified during infection. The 426 comparative gene expression data were used to predict key phenotypic differences between the 427 pathovariants which are summarized in S1 Table. The power of our experimental approach is 428 highlighted by our discovery of the molecular basis of the melibiose utilization defect of D23580, and a 429 novel bacterial plasmid maintenance system that relied upon a plasmid-encoded essential gene.
430
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In the future, functional transcriptomics could shed light on the factors responsible for the phenotypic 431 differences that distinguish pathovariants of many bacterial pathogens. 
432

Materials and Methods
464
Draft sequences of the pBT2 and pBT3 plasmids were provided by Robert A. Kingsley [19] , and 465 were used to design oligonucleotides for primer walking sequencing (all primer sequences are listed in 466 S10 Table, Eurofins Genomics). Plasmid DNA from S. Typhimurium D23580 was isolated using the 467 ISOLATE II Plasmid Mini Kit (Bioline). For pBT2, the following oligonucleotides were used: Fw-pBT2-1 468 and Rv-pBT2-1, Fw-pBT2-2 and Rv-pBT2-2; and, for pBT3, the following oligonucleotides were used:
469
Fw-pBT3-3 and Rv-pBT3-3, Fw-pBT3-1 and Rv-pBT3-4, Fw-pBT3-4 and Rv-pBT3-2.
470
The resulting genome sequence was designed D23580_liv (accession: XXXXXXXXXX). 
477
RNA isolation, cDNA library preparation and Illumina sequencing
478
Total RNA from the sixteen in vitro growth conditions (EEP, MEP, LEP, ESP, LSP, 25ºC, NaCl, bile 479 shock, low Fe 2+ shock, anaerobic shock, anaerobic growth, oxygen shock, NonSPI2, InSPI2, peroxide 480 shock, and nitric oxide shock) and murine RAW264.7 macrophages was isolated using TRIzol, and 481 treated with DNase I, as described previously [37, 39] .
482
For RNA-seq, cDNA libraries were prepared and sequenced by Vertis Biotechnologie AG (Freising,
483
Germany). Briefly, RNA samples were fragmented with ultrasound (4 pulses of 30 sec at 4°C), treated 484 with antarctic phosphatase, and rephosphorylated with polynucleotide kinase (PNK). RNA fragments 485 were poly(A)-tailed and an RNA adapter was ligated to the 5'-phosphate of the RNA. First-strand cDNA 486 C a n a l s e t a l . 
503
The remaining reads of each library were aligned to the corresponding genomes using Bowtie2 
511
The complete RNA-seq pipeline used for this study is described in https://github.com/will-512 rowe/rnaseq.
513
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Two strain-specific browsers were generated for the visualization of the transcriptional data in a 
522
the expression cut-off was set as TPM > 10 for genes and sRNAs [37] .
523
For comparative analysis between the two S. 
531
were uploaded into Degust (S1 Data) (http://degust.erc.monash.edu/). Data were analysed using the C a n a l s e t a l . 
